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The maintenance of ionic homeostasis is essential for cell viability, thus the activity of 1 
plasma membrane ion transporters must be tightly controlled. Previous studies in 2 
Saccharomyces cerevisiae revealed that the proper trafficking of several nutrient 3 
permeases requires the HECT family E3 ubiquitin ligase Rsp5 and, in many cases, the 4 
presence of specific adaptor proteins needed for Rsp5 substrate recognition. Among 5 
these adaptor proteins are the 9 proteins of the ART (Arrestin-Related Trafficking 6 
Adapter) family. We studied the possible role of the ART family in the regulation of 7 
monovalent cation transporters. We show here that the salt sensitivity phenotype of 8 
the rim8/art9 mutant is due to severe defects in Ena1 protein accumulation, which is 9 
not attributable to transcriptional defects. Many components of the Rim pathway are 10 
required for correct Ena1 accumulation, but not for other nutrient permeases. 11 
Moreover, we observe that strains lacking components of the ESCRT pathway 12 
previously described to play a role in Rim complex formation present similar defects in 13 
Ena1 accumulation. Our results show that, in response to salt stress, a functional Rim 14 
complex via specific ESCRT interactions is required for the proper accumulation of the 15 
Ena1 protein, but not induction of the ENA1 gene.  16 
17 

































































The dynamic regulation of the transport proteins present at the cell surface is vital for 19 
the successful adaptation of cells to their changing environment. Universally conserved 20 
mechanisms of ubiquitylation-dependent signal transduction routes are used to 21 
modify the cohort of receptors and transport proteins present under any given 22 
circumstances (MacGurn et al., 2012). In both yeast and mammalians, the Nedd4-2 23 
family of HECT domain E3 ubiquitin ligases have been shown to be important in this 24 
regulatory process (Yang & Kumar, 2010). In yeast, the sole Nedd4-2 homologue, Rsp5, 25 
regulates the trafficking of a large number target proteins by specifically catalyzing 26 
their ubiquitylation (Lauwers et al., 2010).  27 
Rsp5, like other Nedd4-2 family proteins, contains a C2 domain, required for plasma 28 
membrane association, in its N-terminus and a C-terminal HECT E3 ubiquitin ligase 29 
domain which flank three central WW domains (Wang et al., 1999). These WW 30 
domains mediate protein-protein interactions by binding to so-called PY motifs. In 31 
yeast, it is known that the majority of the Rsp5 substrates do not contain PY motifs and 32 
therefore require the presence of Rsp5 adaptor proteins for their recognition. At least 33 
19 different adapter proteins, including Bul1, Bul2 and members of the more recently 34 
denominated Arrestin-related trafficking (ART) protein family have been shown to 35 
function as Rsp5 adaptors (Leon & Haguenauer-Tsapis, 2009). This hierarchical 36 
organization provides a versatile system that can be regulated to orchestrate the 37 
dynamic post-translational regulation of plasma membrane transport proteins in 38 
response to environmental changes.     39 
The majority of the known Rsp5 cargo proteins are nutrient permeases and divalent 40 
cation transporters (Lauwers et al., 2010). However, knowledge is still lacking 41 
regarding the possible role for Rsp5-dependent signaling in the regulation of 42 
monovalent cation transporters. Monovalent cation homeostasis is crucial for the 43 
maintenance of several important physiological parameters, such as internal pH, 44 
turgor pressure and membrane potential. In mammals, Nedd4-2 is known to regulate 45 
the endocytosis of cation transporters, such as the ENaC sodium channel and CFTR Cl
-
 46 
channel  (Rotin & Staub, 2011). Therefore, it stands to reason that Rsp5 may also be 47 
involved in the regulation of yeast monovalent cation transporters. 48 
































































In Saccharomyces cerevisiae, the transporters governing ion homeostasis have been 49 
well-characterized. The major plasma membrane transport proteins involved in this 50 
process include the plasma membrane H
+




 antiporter, Nha1, 51 
the high affinity K
+
-uptake system encoded by the TRK1 and TRK2 genes, and the Na
+
 52 
ATPase, Ena1 (Arino et al., 2010). The regulation of the trafficking of these proteins has 53 
not been extensively studied. Although there are no reports regarding Nha1 trafficking, 54 
in the case of Pma1, many studies have addressed the trafficking of misfolded mutant 55 
isoforms and have shown that Pma1 is present in specialized sphingolipid-enriched 56 
microdomains in the plasma membrane (Bagnat et al., 2001, Liu & Chang, 2006). We 57 
reported that the stability of the Trk1 K
+
 transporter at the plasma membrane is 58 
compromised in mutants lacking the SAT4/HAL4 and HAL5 genes encoding related 59 
protein kinases (Perez-Valle et al., 2007). In the absence of Hal4 and Hal5, Trk1, and 60 
several nutrient permeases, such as Can1 and Mup1, known to be regulated by the 61 
ART-Rsp5 pathway, are aberrantly delivered to the vacuole. However, the molecular 62 
mechanism by which the Hal4 and Hal5 kinases intervene in transporter trafficking is 63 
still unknown. 64 
The regulation of the Ena1 Na
+
-ATPase has been extensively studied, especially at the 65 
level of transcription. This gene is expressed at low levels under normal growth 66 
conditions, but its expression is markedly up-regulated in response to several stresses 67 
by multiple signaling pathways, including the Hog1 MAP kinase, the TOR pathway, the 68 
glucose repression pathway, the calcineurin pathway and the Rim101 pathway (Ruiz & 69 
Arino, 2007). Under mild salt or osmotic stress, the Hog1 and calcineurin pathways are 70 
principally responsible for ENA1 induction through the regulation of the Sko1 repressor 71 
and the Crz1 activator respectively, although the TOR and glucose repression pathways 72 
also contribute to this regulation (Marquez & Serrano, 1996, Alepuz et al., 1997, Proft 73 
& Serrano, 1999, Crespo et al., 2001). In response to alkaline stress, ENA1 induction is 74 
dependent on the Rim101, calcineurin and Snf1 pathways, (Lamb et al., 2001, Serrano 75 
et al., 2002, Lamb & Mitchell, 2003, Platara et al., 2006). In terms of Ena1 trafficking, 76 
Adler and colleagues have shown that the Sro7 protein is involved in correct delivery of 77 
Ena1 to the plasma membrane (Wadskog et al., 2006). In mutants lacking SRO7, the 78 
Ena1 protein is routed to the vacuole for degradation. Another study, reported by Logg 79 
































































and collaborators, showed that Ena1 localization to the plasma membrane was 80 
severely delayed in several vps mutants that display salt sensitivity (Logg et al., 2008).  81 
Interestingly, some of these vps mutants analyzed in this study were ESCRT 82 
components. The ESCRT complex is known to be involved in the sorting of plasma 83 
membrane transport proteins ubiquitylated by Rsp5 to multivesicular bodies for 84 
subsequent degradation in the vacuole (MacGurn et al., 2012). 85 
As two independent lines of evidence suggest a possible link between Rsp5-mediated 86 
regulation and monovalent cation transport proteins, we systematically analyzed the 87 
role of Rsp5 adaptor proteins in salt tolerance. We uncover a novel role for the Rim101 88 
pathway in the proper plasma membrane accumulation of the Ena1 Na
+
-ATPase.    89 
90 
































































Materials and Methods: 91 
Yeast strains and culture conditions. All strains of S. cerevisiae used in this work are derived 92 
from the BY4741 background. All single mutant strains were obtained from the EUROSCARF 93 
collection (BY4741). The ena1-5 mutant strain was kindly provided by Dr. Hana Sychrová 94 
(Zahrádka & Sychrová, 2012). The hal4 hal5 strain has been described previously (Perez-Valle 95 
et al., 2010). YPD contained 2% glucose, 2% peptone, and 1% yeast extract. In the case of the 96 
alkaline YPD media, the pH was adjusted to 8.0 using TAPS  97 
([(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-1-propanesulfonicacid). Minimal medium 98 
(SD) contained 2% glucose, 0.7% yeast nitrogen base (Difco) without amino acids, 50 mM 99 
succinic acid adjusted to pH 5.5 with Tris, and the nutritional components required by the 100 
strains. Growth assays were performed on solid media by spotting serial dilutions of saturated 101 
cultures onto plates with the indicated composition. Images were taken after 2-4 days of 102 
growth. 103 
Plasmids and genomic integrations. The pCM262-ENA1-GFP plasmid was constructed by 104 
homologous recombination in yeast using the pCM262 plasmid containing the GFP coding 105 
sequence inserted into the PstI site.  This vector is derived from pCM190 and it contains 106 
tetracycline-responsive promoter (Garí et al., 1997). The ENA1 coding sequence was amplified 107 
by PCR from genomic DNA using the following primers: Ena1-recomb-5’-tac cgg atc aat tcg ggg 108 
gat cag ttt ATG GGC GAA GGA ACT ACT AA;  Ena1-recomb-3’-cat aag ctt ctg cag gcg gcc gcg ttt 109 
TTG TTT AAT ACC AAT ATT AAC TTC. The plasmid was linearized using Pme1, dephosphorylated 110 
and co-transformed into the ena1-4 mutant with the ENA1 PCR fragment. Positive clones were 111 
selected first by growth in media without uracil (+DOX) and then by growth in media 112 
containing 0.1M LiCl (-DOX). Plasmids were recovered from candidate clones, transformed into 113 
E. coli, purified and confirmed by sequencing. The plasmid used for the β-galactosidase assays 114 
YEp-ENA1prom-lacZ was described previously (Marquez & Serrano, 1996). The coding 115 
sequence for GFP was integrated at the 3’ of the ENA1 gene by homologous recombination 116 
using a cassette amplified from the pFA6a-GFP(S65T)-HIS3MX6 plasmid (Longtine et al., 1998) 117 
containing the HIS3 selection gene using the following primers: ENA1 F2: 5’-118 
TACTACAATCCATACAGAAGTTAATATTGGTATTAAACAA CGG ATC CCC GGG TTA ATT AA-3’; ENA1 119 
R1: 5’-TGAATAAGGAAAAAGATAGGGAGCACTTAATAGGCCCTGC GAATTCGAGCTCGTTTAAAC-3’. 120 
The correct insertion of the integration cassette was confirmed by genomic PCR using the 121 
following primers: forward primer- (anneals at base pair 3205 of ENA1) and reverse primer-5’-122 
TTTGTATAGTTCA TCCATGCC-3’ (anneals at the 3’ end of the GFP gene). The RIM101-155 123 
plasmid was kindly provided by Aaron Mitchell (Subramanian et al., 2012). 124 
Protein extraction and fractionation. Protein extracts, fractionation procedures and 125 
immunoblot analyses were performed as described (Perez-Valle et al., 2007).  126 
Confocal microscopy. Fluorescence images were obtained for exponential phase live cells using 127 
the Zeiss 780 confocal microscope with excitation at 488 nm and detection at 510-550 nm for 128 
GFP (objective: plan-apochromat 40X/1.3 OIL DIC M27, ZEN 2012 software). 129 
ß-Galactosidase assays. Yeast cells transformed with the indicated reporter plasmid containing 130 
the lacZ gene under the control of the ENA1 promoter were grown selectively in SD medium 131 
and then diluted in YPD. Cells were grown to exponential phase, treated for the indicated time 132 
































































with 0.5 M NaCl and then harvested by centrifugation (3000 rpm for 5 minutes). ß-133 
Galactosidase activity was determined as described elsewhere and represented as ß-134 
galactosidase activity units (Gaxiola et al., 1992).  135 
Northern Blot Analysis. Total RNA was isolated from yeast cells that were grown to mid log-136 
phase in YPD. Cells were treated with 0.5 M NaCl and collected by centrifugation at the 137 
indicated times.  Approximately 20 µg of RNA per lane was separated in formaldehyde gels and 138 
transferred onto nylon membranes (Hybond-N; Amersham).  Radioactively labeled probes 139 
were hybridized in PSE buffer (300 mM sodium phosphate [pH 7.2], 7% sodium dodecyl 140 
sulfate, 1 mM EDTA).  Probes used were as follows: a 0.5 kb PCR fragment representing 141 
nucleotides 1-500 of the ENA1 gene and nucleotides 77-706 of TBP1, amplified from 142 
chromosomal yeast DNA.  Signal quantification was done using a Fujifilm BAS-1500 143 
phosphorimager. 144 
Real-time luciferase assays. The dynamics of ENA1 gene expression was measured using the 145 
pAG413-lucCP
+
 plasmid containing 993 bp of the ENA1 promoter (bp -1000 to -7, relative to 146 
the ATG) inserted upstream of the destabilized firefly luciferase gene. The indicated sequence 147 
of the ENA1 promoter was amplified using the following primers: ENA1-PROM-pAG413luc F    148 
5'- GTGACAGAGCTCGTCAATATTTTAGGGTTATCGGTG-3' and ENA1-PROM-pAG413luc R    5'-149 
ATTCAGCAGCTGTTTCAATTCTGTGTACGAAG-3', which contain SacI and PvuI recognition sites, 150 
respectively. The digested PCR product was ligated into the SacI/SmaI sites of the pAG413-151 
lucCP
+
 vector. The resulting plasmid, pAG413-ENA1-lucCP
+
 was confirmed by sequencing and 152 
transformed into the indicated strains. Assays were performed as described (Rienzo et al., 153 
2012). 154 
Sodium measurements. Sodium was measured by atomic absorbance spectrometry as 155 
described (Mulet et al., 1999). Briefly, cells were grown in YPD to a final absorbance of 0.8-1.0. 156 
For measuring Na
+
 uptake, cells were centrifuged, resuspended in YPD containing 0.5 M NaCl 157 
and incubated at 28ºC. Aliquots of 5 mL were taken at several time points, centrifuged for 5 158 
minutes at 2000 g and washed twice with ice-cold washing solution (20 mM MgCl2 and 180 159 
mM sorbitol). The cell pellets were resuspended in 0.8 mL of cold washing solution, 160 
centrifuged again, and resuspended in 0.5 mL of 20 mM MgCl2. Ions were extracted by heating 161 
the cells for 15 minutes at 95ºC. After centrifugation, aliquots of the supernatant were 162 
analyzed with an atomic absorption spectrometer (Varian) in flame emission mode. For 163 
sodium efflux experiments, the cells were incubated for 3 hours with the indicated 164 
concentration of NaCl as described above, centrifuged, washed once, and resuspended in YPD 165 
without salt. Aliquots of 5 mL were processed as indicated above.  166 

































































Salt tolerance phenotypes of Rsp5 adapter mutants 168 
As mentioned above, many previous studies have established a role for the Rsp5 169 
ubiquitin ligase as an important regulator of plasma membrane proteins (Horak, 2003). 170 
These studies have also identified a set of proteins, known as Rsp5 adaptor proteins, 171 
which are required for correct cargo recognition (Leon & Haguenauer-Tsapis, 2009). 172 
We sought to examine if these proteins, and thus possibly Rsp5-mediated regulation, 173 
play a role in monovalent cation transporter regulation. As a first approach, we 174 
analyzed the salt sensitivity of strains lacking the genes encoding 15 different Rsp5 175 
adaptor proteins, using the salt tolerant ppz1 mutant and the salt sensitive hal4 hal5 176 
mutants for comparison. Here, we report the results obtained for strains lacking 9 177 
genes encoding proteins classified as ARTs, as no notable phenotypes were observed 178 
for the other Rsp5 adapter mutants tested (bul1, bul2, bsd2, ear1, ssh4, and tre1, data 179 
not shown). As shown in Figure 1, we observe a slight, but reproducible tolerance to 180 
LiCl in strains lacking LDB19 (also known as ART1). However, the most notable 181 
phenotype is the salt sensitivity of the rim8 (art9) mutant. This observation is in 182 
agreement with previously published reports (Giaever et al., 2002, Yoshikawa et al., 183 
2009, Herrador et al., 2010, Zhao et al., 2010).  184 
Analysis of ENA1 gene expression and protein function in rim8 and rim101 mutants 185 
Rim8 (Art9) is a component of the Rim101 alkaline response pathway, which is known 186 




 and 187 
Li
+
 extrusion (Treton et al., 2000, Lamb et al., 2001). Therefore, we tested ENA1 188 
expression in both rim8 and rim101 mutants grown under mild salt stress using real-189 
time luciferase activity driven from the ENA1 promoter, northern analysis, and β-190 
galactosidase assays using the full ENA1 promoter fused to the lacZ reporter gene. As 191 
shown in Figures 2A-C, in contrast to what has been observed for alkaline stress, we 192 
observed only a modest reduction in ENA1 expression under these conditions (Lamb et 193 
al., 2001, Serrano et al., 2002, Platara et al., 2006). This result is in agreement with a 194 
previous report and is likely explained by the dominant role played by the Hog1 MAP 195 
































































kinase in the induction of ENA1 under these conditions (Marquez & Serrano, 1996, 196 
Platara et al., 2006).  197 
We next monitored the accumulation of the Ena1 protein under these same conditions 198 
in wild type, rim8 and rim101 mutants containing GFP integrated at the 3’ of the ENA1 199 
coding sequence. As Ena1-GFP was undetectable in the rim8 and rim101 mutants in 200 
crude extracts, we analyzed the insoluble fraction which contains membrane 201 
imbedded proteins, such as Pma1 and Trk1 (Perez-Valle, 2007). As shown in Figure 3A, 202 
we observe a drastic decrease in the amount of full-length Ena1 in both rim8 and 203 
rim101 mutants. We included the crz1 mutant strain as a control. As expected, less 204 
Ena1 protein accumulates in response to salt stress in the crz1 mutant as compared to 205 
the wild type control, but Ena1 accumulates to much higher levels than those observed 206 
in the rim8 and rim101 mutants (note exposure times in figure legend).  207 
These results suggest that both the rim8 and rim101 mutants present defects in Ena1 208 
protein accumulation, which should correspond to a decrease in Ena1 function. 209 
Accordingly, we examined the sodium loading and extrusion in these strains to 210 
determine if the observed decrease in Ena1 protein levels in the rim8 and rim101 211 
mutants was functionally relevant. We observed no differences in the initial rate of 212 
sodium loading, suggesting that the membrane potential is not affected in any of the 213 
mutants tested. This result indicates that the function of the major determinants of 214 
plasma membrane potential, Pma1 and Trk1, are likely intact in these mutants. At 215 
longer time points we observed a three-fold increase in sodium loading in the rim8 and 216 
rim101 mutants (Figure 3B). These results suggest that the decrease in sodium loading 217 
observed in the wild type strain, which is principally due to the accumulation of the 218 
Ena1 protein at the cell surface, is impaired in the rim8 and rim101 mutants. This result 219 
is in good agreement with the observations described above and demonstrates that 220 
the rim8 and rim101 mutants present a clear defect in Ena1 function. Moreover, we 221 
also observe a decreased extrusion rate in both Rim pathway mutants, relative to the 222 
wild type control (Figure 3C). As expected, these phenotypes were less severe than 223 
that observed for the complete ena1-5 mutant, but indicate a notable decrease in 224 
Ena1 function in the rim8 and rim101 mutants, which leads to a three-fold increase in 225 
sodium accumulation. Since these experiments are carried out in YPD media (pH 6.5), 226 




































































 antiporter, which is active under 227 
acidic growth conditions (Bañuelos et al., 1998). Given the mild effect on the ENA1 228 
gene expression profile and the marked effect on Ena1 protein accumulation, we 229 
propose that the reduction in Ena1 protein accumulation and function shown here 230 
may correspond to post-transcriptional defects.  231 
In order to determine whether the Ena1 accumulation defect observed in the rim8 232 
mutant are attributable to Rim101-dependent transcriptional effects, we transformed 233 
strains with a plasmid harbouring a constitutively active form of Rim101: RIM101-511 234 
(Subramanian et al., 2012). We tested the rim8 mutant and control strains containing 235 
the ENA1-GFP genomic fusion for both salt sensitivity and Ena1 plasma membrane 236 
accumulation. As observed in Figures 4A and 4B, the constitutively active Rim101 237 
allele, which confers salt tolerance in the wild type strain, only partially rescues the salt 238 
sensitivity of the rim8 mutant and only slightly improves Ena1 accumulation. Some 239 
rescue of the salt sensitivity phenotype is expected, since overexpression of the 240 
constitutively active form of RIM101 will clearly cause an increase in ENA1 expression 241 
irrespective of the environmental conditions. However, the fact that this increase in 242 
ENA1 expression does not recover the rim8 phenotype in conditions of salt stress 243 
indicates that the decrease in Ena1 accumulation in the rim8 mutant is not due only to 244 
improper processing of the Rim101 transcription factor and is consistent with the 245 
hypothesis that Ena1 does not accumulate properly in the plasma membrane in this 246 
mutant. 247 
In order to confirm this observation and to facilitate detection of Ena1-GFP in the rim8 248 
or rim101 mutants by fluorescence microscopy (the very low levels of the integrated 249 
Ena1-GFP were undetectable), we constructed a plasmid containing the ENA1-GFP 250 
sequence under control of an inducible promoter. As shown in Figure 5A, 251 
overexpression of Ena1 only partially rescues the salt sensitivity phenotype of these 252 
mutants, even though the promoter is no longer controlled by the Rim101 pathway. 253 
This result confirms the observations made using the RIM101-511 allele. Upon analysis 254 
of the Ena1-GFP protein profile in immunoblots, in addition to the Ena1-GFP band, we 255 
observed a marked accumulation in lower molecular weight bands, likely 256 
corresponding to Ena1-GFP degradation products in the rim8 and rim101 mutants 257 
































































(Figure 5B). When we examined the fluorescence pattern in these strains, we observed 258 
mislocalization of Ena1-GFP in both mutants (Figure 5C). Although detectable amounts 259 
of overexpressed Ena1-GFP appear to arrive to the plasma membrane, explaining the 260 
partial phenotypic rescue, we also observe aberrant signal in the interior of the cell. 261 
This signal inside the cell indicates that Ena1 is not efficiently targeted to the plasma 262 
membrane, but accumulates internally. Interestingly, this phenotype is qualitatively 263 
different than that observed in sro7 mutants. In the case of sro7 mutants, the Ena1 264 
signal accumulates in the vacuole, not in the cell interior (Wadskog et al., 2006). Our 265 
results clearly show that Ena1-GFP does not accumulate in the vacuole in rim8 and 266 
rim101 mutants. 267 
Importantly, these results demonstrate that the rim8 and rim101 mutants are unable 268 
to efficiently deliver and/or maintain the Ena1-GFP protein at the cell surface under 269 
conditions of salt stress. These results are in stark contrast with the currently proposed 270 
model for salt sensitivity of the Rim pathway mutants, which contends that the defect 271 
resides in defective ENA1 transcription. We propose that under physiological 272 
expression levels, such as those observed in Figure 2, the observed defects in Ena1 273 
accumulation contribute to the salt sensitivity of the rim8 and rim101 mutants.  274 
In order to determine if the Ena1-GFP plasma membrane accumulation defect in rim8 275 
and rim101 mutants is due to a general defect in transporter trafficking, we tested the 276 
steady-state accumulation of the tryptophan permease, Tat2, and the methionine 277 
starvation-induced delivery of the Mup1 permease to the plasma membrane. As 278 
observed in Figure 6, no defect was observed in either case, suggesting that not all 279 
plasma membrane proteins are affected in rim8 and rim101 mutants. We also 280 
confirmed the proper delivery of Mup1 to the plasma membrane by confocal 281 
microscopy (data not shown). 282 
Salt tolerance and Ena1 accumulation in Rim101 pathway and ESCRT mutants 283 
We then tested whether other components of the Rim101 pathway have similar Ena1 284 
accumulation defects. For this, we analyzed both the salt sensitivity of Rim101 285 
pathway mutants and the protein pattern of Ena1-GFP expressed ectopically under the 286 
control of an inducible promoter, as described above (Figures 7A and B). Mutants 287 
































































lacking genes encoding all components of the Rim101 protein complex showed similar 288 
phenotypes in both salt sensitivity and aberrant Ena1-GFP accumulation, again 289 
indicating a defect in the accumulation of the Ena1 protein. Ena1 accumulated 290 
normally in strains lacking the genes encoding the Rim15 kinase and the Nrg1 291 
transcriptional repressor, as expected. The Rim15 kinase was identified in the original 292 
screen looking for mutants with reduced ability to undergo meiosis, but was 293 
subsequently shown to be a glucose-repressible regulator of Ime1-Ume6 complex 294 
formation required to activate the expression of many meiotic or sporulation-specific 295 
genes (Vidan & Mitchell, 1997). The Nrg1 protein has been shown to act as a negative 296 
regulator of ENA1 expression and so its effect is predicted to be purely transcriptional 297 
(Lamb et al., 2001). As expected, neither of these mutants presents salt sensitivity 298 
phenotypes. This data suggest that that disruption of the functional Rim101 signaling 299 
complex negatively affects the proper accumulation of Ena1 at the plasma membrane. 300 
Therefore, the formation of this multi-protein complex has an important impact on 301 
Ena1 protein accumulation, in addition to its well-known role in Rim101 transcription 302 
factor processing.  303 
Work from several laboratories studying the Rim101 pathway in both S. cerevisiae and 304 
A. nidulans has shown a physical and functional interaction with components of the 305 
ESCRT vesicular trafficking pathway (reviewed in (Maeda, 2012)).  Moreover, it has 306 
recently been shown that this complex forms at the plasma membrane (Galindo et al., 307 
2012, Obara & Kihara, 2014). More specifically, it has been shown that the 308 
components of the ESCRT-I, ESCRT-II, and the Snf7 and Vps20 ESCRT-III components 309 
form a physical complex with Rim components and are required for proper Rim101 310 
processing and therefore its transcriptional activity (Xu et al., 2004, Hayashi et al., 311 
2005, Calcagno-Pizarelli et al., 2011). As our data suggest defect in Ena1 accumulation 312 
at the plasma membrane in Rim pathway mutants, we tested whether the all the 313 
components of the ESCRT pathway previously described to interact with the Rim101 314 
signaling complex also display salt sensitivity and Ena1 protein accumulation defects. 315 
As shown in Figure 8, we observed an excellent correlation between components of 316 
the ESCRT machinery previously described to interact with the Rim complex and salt 317 
sensitivity (Figure 8A). These same mutants also displayed notable decreases in Ena1-318 
































































GFP accumulation, consistent with previous results analyzing some of these same vps 319 
mutants (Logg et al., 2008). In fact, the effect appears even more severe for these 320 
mutants, than for the Rim pathway mutants, as may be expected since vps mutants 321 
are known to have general effects on several aspects of vesicle trafficking. Importantly, 322 
as reported by Logg and colleagues, we observed internal accumulation of Ena1-GFP, 323 
similar to that observed in the rim8 and rim101 mutants, in several of the vps mutants 324 
studied (data not shown and (Logg et al., 2008)). Interestingly, mutant strains lacking 325 
the two ESCRT-III components, VPS24 and DID4, required for MVB sorting of 326 
ubiquitylated cargo proteins, but not for the formation of a functional Rim101 complex 327 
do not display salt sensitivity or Ena1 accumulation defects. These data suggest that 328 
the proper formation of the complete Rim/ESCRT complex, rather than the MVB-329 
related ESCRT function, is required for efficient Ena1 plasma membrane accumulation. 330 
This hypothesis is further supported by the lack of phenotypes presented by the 331 
ESCRT-0 component mutant vps27. As the Ena1 accumulation experiments are 332 
performed using a heterologous promoter for ENA1 expression that does not respond 333 
to the Rim101 transcription factor, our data suggest an additional role for the 334 
Rim/ESCRT complex in Ena1 protein accumulation, which is independent of the 335 
transcriptional activation of the ENA1 gene.  336 
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It is well known in mammals that the endocytic regulation of various monovalent 339 
cation transporters plays an important role in many aspects of ion homeostasis 340 
(reviewed in (Mulet et al., 2013)). Perhaps the best-studied example is the Nedd4.2-341 
dependent regulation of the ENaC sodium transporter. Several biochemical and 342 
genetic studies in both mouse and humans have shown that alterations in the 343 
ubiquitylation of ENaC cause the aberrant accumulation or reduction in the levels of 344 
this sodium transporter, leading to Liddle’s Syndrome and hyperkalaemic acidosis, 345 
pseudohypoaldosteronism type 1, respectively (Chang et al., 1996, Schild et al., 1996, 346 
Staub et al., 1996, Abriel et al., 1999). In yeast, a role for the Nedd4.2 orthologue, Rsp5 347 
in regulating monovalent cation homeostasis is only beginning to be considered. We 348 
have taken a systematic approach to determine the relevant phenotypes of mutants 349 
lacking genes encoding Rsp5 adaptor proteins to address this question. Here, we 350 
present data on the phenotypic characterization of 9 ART family member mutants.  351 
The most significant phenotype observed in this analysis is the LiCl and NaCl sensitivity 352 
of the mutant lacking the gene encoding RIM8 (also known as ART9). This α-arrestin-353 
related protein is known to play a key role in the regulation of the alkaline stress 354 
response pathway named for the Rim101 transcription factor (Treton et al., 2000, 355 
Herranz et al., 2005, Herrador et al., 2010). The rim101 mutant was previously 356 
reported to be sensitive to both alkaline pH and salt stress (Lamb et al., 2001, Lamb & 357 
Mitchell, 2003). As the P-type Na
+
 ATPase encoded by the ENA1 gene is a known target 358 
of the Rim101 transcription factor in response to alkaline stress, the salt sensitivity 359 
phenotype was also attributed to a defect in ENA1 induction (Lamb & Mitchell, 2003). 360 
This idea is supported by the phenotypic rescue observed upon further deletion of the 361 
Ngr1 repressor in the rim101 background. However, detailed analysis of ENA1 362 
induction in response to salt stress in the rim101 mutant has not been reported. Here, 363 
we examined ENA1 induction by real-time luciferase, northern, and β-galactosidase 364 
assays in both the rim101 and rim8 mutants. We observe only a modest reduction in 365 
the salt responsiveness of the ENA1 gene when compared to the isogenic wild type 366 
control strain, likely due to the dominant role played by the Hog1 pathway under these 367 
conditions (Figure 2) (Platara et al., 2006). 368 
































































In parallel, we examined the amount of Ena1 protein in the same mutants by 369 
immunoblot using strains in which the open reading frame of GFP was inserted into 370 
the genome downstream of the ENA1 gene. Using this approach, we observed a 371 
striking reduction in the amount of full-length Ena1 in both the rim8 and rim101 372 
mutants (Figure 2). This reduction is unlikely to be explained by the modest decrease 373 
in ENA1 transcription observed under the same experimental conditions, and indeed 374 
rim8 strains expressing a constitutively active version of Rim101 still had important 375 
defects in Ena1 accumulation. We confirmed the decrease in Ena1 function by 376 
performing sodium loading and extrusion assays. We observe that both the rim8 and 377 
rim101 mutants accumulate three fold more sodium as compared to the wild type 378 
strain after two hours and also display a significant reduction in the initial rate of 379 
sodium extrusion (Figure 3). Importantly, we also observe a defect in Ena1-GFP 380 
localization in both mutant strains, supporting a role for the Rim101 pathway in proper 381 
Ena1 protein accumulation at the plasma membrane (Figure 4). Although a portion of 382 
overexpressed Ena1 arrives to the cell surface, consistent with the partial phenotypic 383 
rescue, the protein also accumulates internally (non-vacuolar), in a pattern reminiscent 384 
of that reported by Logg and collaborators for the class E vps mutants they tested: 385 
vps4, vps20, snf7 and snf8 (Logg et al., 2008). This defect could reflect alterations in 386 
the delivery of Ena1 from the ER/Golgi to the plasma membrane or recycling of 387 
endocytosed vesicles back to the plasma membrane. Further experiments will focus on 388 
characterizing this phenotype. 389 
We propose that this defect in Ena1 protein accumulation of will be more relevant 390 
under endogenous expression levels and is likely to explain the salt sensitivity and 391 
sodium loading and extrusion defects observed in these mutants. Importantly, this 392 
defect in Ena1 plasma membrane delivery and/or accumulation expressed from a 393 
plasmid under the control of an exogenous promoter is clearly independent of the 394 
Rim101-dependent regulation of the ENA1 promoter and supports a role for this 395 
pathway in the post-translational regulation of this transporter. The fact that a 396 
constitutively active form of Rim101 only partially rescues the salt sensitivity and Ena1 397 
accumulation defect of the rim8 mutant lends further support to this hypothesis. 398 
However, it is also possible that other Rim101-responsive genes are implicated in 399 
































































proper Ena1 accumulation. In any case, our data clearly indicate that, under the 400 
conditions tested, defective ENA1 induction is not observed and therefore does not 401 
explain the salt sensitivity of the rim101 and rim8 mutants. We propose that the defect 402 
is related to the inability to accumulate sufficient amounts of functional Ena1 at the 403 
plasma membrane.  404 
Several lines of evidence have connected the function of the Rim101 pathway with the 405 
subclass of vps mutants that belong to the ESCRT machinery (reviewed in (Maeda, 406 
2012)). For example, physical interactions have been reported between Rim8 and both 407 
Stp22 and Vps28 (ESCRT-I components) and between Snf7 (ESCRT-III component) and 408 
Rim20 and Rim13 (Ito et al., 2001, Xu & Mitchell, 2001, Xu et al., 2004, Herrador et al., 409 
2010). Moreover, Rim20 was found to co-localize with Snf7 in vesicles that accumulate 410 
under alkaline stress in vps4 mutants (Boysen & Mitchell, 2006). A role for the ESCRT 411 
pathway in Rim101 activation has also been reported. Xu and collaborators showed 412 
that the same subset of ESCRT mutants studied here present defects in Rim101 413 
processing (Xu et al., 2004). These mutants are thought to be defective in the 414 
formation of a functional Rim101 complex. In this study they also showed that the 415 
Rim101 processing defective mutants are sensitive to LiCl. In agreement with these 416 
results, we have shown here that these mutants are also NaCl sensitive and 417 
accumulate much lower levels of Ena1 at the plasma membrane, even when expressed 418 
from an exogenous promoter. This point is important, as it shows that the decrease in 419 
Ena1 protein accumulation observed in these mutants is not due to a decrease in 420 
Rim101-dependent transcription, since the promoter used does not respond to this 421 
pathway. Taken together, these results support a model in which Ena1 protein 422 
accumulation is influenced by the ESCRT/Rim101 complex independently of Rim101-423 
dependent transcriptional activation of the ENA1 gene under conditions of salt stress.  424 
These data provide evidence for a novel function of the Rim101 complex in Ena1 425 
protein accumulation, in addition to its well-established role in transcriptional 426 
regulation. It is conceivable that alterations in the Rim101-dependent transcription of 427 
genes other than ENA1 are involved in the observed defect in Ena1 protein trafficking, 428 
but the mild rescue of the rim8 phenotypes using the constitutively active RIM101-511 429 
allele or expressing ENA1 from an exogenous promoter argues against this possibility. 430 
































































Future experiments will determine the components involved in this function of the Rim 431 
pathway, and whether it affects the accumulation of transporters in addition to Ena1 432 
and if it is required for the full alkaline pH response.   433 
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Figure Legends: 583 
Figure 1. Salt sensitivity of Rsp5 adapter mutants. The indicated strains were grown to 584 
saturation, serially diluted and spotted onto the indicated media. Images were taken 585 
after 2-5 days incubation. Similar results were observed in three independent 586 
experiments. 587 
Figure 2. ENA1 mRNA expression in rim8 and rim101 mutants. The induction of the 588 
ENA1 mRNA in response to mild salt stress (0.5 M NaCl) was monitored by real-time 589 
luciferase assays (A) northern blot (B) and beta-galactosidase activity (C). (A) ENA1 590 
expression was monitored using the real-time luciferase assay (Rienzo et al., 2012). 591 
Data are expressed as fold-induction setting the luciferase signal at time 0 to 1. Each 592 
point represents the average of 9 independent determinations (triplicate 593 
determinations in three independent experiments). The error bars indicate the 594 
standard deviation. (B) The ENA1 mRNA signal was normalized using TBP1 and the 595 
results are expressed as relative induction of ENA1 (WT time 15 = 100%). Data 596 
represent the results of three separate experiments and the error bars represent the 597 
standard deviation. (C) Beta-galactosidase assays were performed using the full ENA1 598 
promoter. Data represent the average of three technical replicates obtained from two 599 
independent clones. The error bars indicate the standard deviation.  600 
Figure 3. Ena1 protein levels and Na
+
 loading and extrusion in rim8 and rim101 601 
mutants. (A) Ena1 protein levels were monitored by anti-GFP immunoblots of protein 602 
recovered from the indicated strains treated with 0.5 M NaCl harbouring a genomic 603 
integration of the GFP coding sequence at the ENA1 C-terminus. Note that whereas 604 
the blots of the WT and crz1 mutants were exposed for 3 minutes, the blots 605 
corresponding to rim8 and rim101 were exposed for 20 minutes to detect the very low 606 
Ena1 signal. Molecular weight markers are shown on the left and the bottom panel 607 
shows the Direct Blue staining of the membrane as a loading control. Similar results 608 
were observed in three independent experiments. (B) The indicated strains were 609 
grown to exponential phase and then transferred to media containing 0.5 M NaCl. The 610 
amount of intracellular Na
+
 at each time point was determined as described in 611 
Experimental Procedures. (C) The same cultures were then washed and resuspended in 612 
media with no NaCl. Samples were taken at the indicated times and the amount of 613 
intracellular Na
+
 was determined. Data are expressed as a percentage of the Na
+
 614 
content at time 0. In both experiments, data are the average of three replicates and 615 
the error bars represent the standard deviation. Similar results were obtained in two 616 
separate experiments.  (*= p value < 0.025; ** = p value < 0.005)  617 
Figure 4. Phenotypic rescue of the rim8 mutant by the constitutively active RIM101-618 
511 allele. (A) The indicated strains were grown to saturation, serially diluted and 619 
spotted onto the indicated media. Images were taken after 2-5 days incubation. Similar 620 
results were observed in three independent clones. (B) Ena1 protein levels were 621 
































































monitored by anti-GFP immunoblots of protein recovered from the indicated strains 622 
harbouring a genomic integration of the GFP coding sequence at the ENA1 C-terminus 623 
transformed with the empty plasmid or the RIM101-511 allele and treated or not with 624 
0.5 M NaCl for 60 minutes. Molecular weight markers are shown on the left and the 625 
bottom panel shows the Direct Blue staining of the membrane as a loading control. 626 
Similar results were observed in three independent experiments. 627 
Figure 5. Analysis of the phenotype, protein profile and localization of YEp-ENA1-GFP 628 
in rim8 and rim101 mutants. (A) The indicated strains were grown to saturation, 629 
serially diluted and spotted onto the indicated media. Images were taken after 2-5 630 
days incubation. Similar results were observed in three independent clones. (B) 631 
Cultures were grown to mid-log phase and the cell were washed and resuspended in 632 
the absence of doxycycline to induce ENA1-GFP expression (IND. = induction). Samples 633 
were harvested at the indicated times, the extracted proteins were processed as 634 
described in Experimental Procedures and analyzed by immunoblotting with anti-GFP.  635 
(1 = WT; 2 = rim8; 3 = rim101). Molecular weight markers are shown on the left and 636 
the bottom panel shows the Direct Blue staining of the membrane as a loading control. 637 
Similar results were observed in two different clones. (C) The localization of Ena1-GFP 638 
was analyzed by confocal microscopy. Cells were treated as described above. Images 639 
of representative cells are shown for each genotype.   640 
Figure 6. Analysis of Tat2 levels and Mup1 delivery in rim8 and rim101 mutants.  Wild 641 
type (1), rim8 (2) and rim101 (3) strains were transformed with a TAT2-GFP or MUP1-642 
GFP containing plasmid. (A) Cells were grown to exponential phase and the amount of 643 
Tat2-GFP was determined. (B) Cells were grown to exponential phase in methionine-644 
containing media, washed and then resuspended in media without methionine (- Met). 645 
Samples were taken at the indicated times and the amount of Mup1-GFP was 646 
determined. In both cases, the amount of permease was determined by 647 
immunodetection of transferred proteins with anti-GFP antibodies. The molecular 648 
weight markers are indicated on the left and the scanned image of the Direct Blue-649 
stained membrane is shown in the bottom panel as a loading control. Similar results 650 
were observed in two different experiments. 651 
Figure 7. Salt sensitivity and Ena1-GFP protein profile in Rim101 pathway mutants. 652 
(A) The growth phenotypes of the indicated strains were determined as described in 653 
Figure 1. Identical results were observed for three different clones. (B) The Ena1-GFP 654 
protein profile was determined in the indicated strains as described in Figure 4B 655 
(Induction time = 4 hours). Similar results were observed in three independent 656 
experiments. 657 
Figure 8. Salt sensitivity and Ena1-GFP protein profile in ESCRT mutants. (A) The 658 
growth phenotypes of the indicated strains were determined as described in Figure 1. 659 
Identical results were observed for three different clones.  (B) The Ena1-GFP protein 660 
































































profile was determined in the indicated strains as described in Figure 4B (Induction 661 
time = 4 hours). Similar results were observed in three independent experiments. 662 



































































Figure 1. Salt sensitivity of Rsp5 adapter mutants. The indicated strains were grown to saturation, serially 
diluted and spotted onto the indicated media. Images were taken after 2-5 days incubation. Similar results 
were observed in three independent experiments.  
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Figure 2. ENA1 mRNA expression in rim8 and rim101 mutants. The induction of the ENA1 mRNA in response 
to mild salt stress (0.5 M NaCl) was monitored by real-time luciferase assays (A) northern blot (B) and beta-
galactosidase activity (C). (A) ENA1 expression was monitored using the real-time luciferase assay (Rienzo 
et al., 2012). Data are expressed as fold-induction setting the luciferase signal at time 0 to 1. Each point 
represents the average of 9 independent determinations (triplicate determinations in three independent 
experiments). The error bars indicate the standard deviation. (B) The ENA1 mRNA signal was normalized 
using TBP1 and the results are expressed as relative induction of ENA1 (WT time 15 = 100%). Data 
represent the results of three separate experiments and the error bars represent the standard deviation. (C) 
Beta-galactosidase assays were performed using the full ENA1 promoter. Data represent the average of 
three technical replicates obtained from two independent clones. The error bars indicate the standard 
deviation.  
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Figure 3. Ena1 protein levels and Na+ loading and extrusion in rim8 and rim101 mutants. (A) Ena1 protein 
levels were monitored by anti-GFP immunoblots of protein recovered from the indicated strains treated with 
0.5 M NaCl harbouring a genomic integration of the GFP coding sequence at the ENA1 C-terminus. Note that 
whereas the blots of the WT and crz1 mutants were exposed for 3 minutes, the blots corresponding to rim8 
and rim101 were exposed for 20 minutes to detect the very low Ena1 signal. Molecular weight markers are 
shown on the left and the bottom panel shows the Direct Blue staining of the membrane as a loading 
control. Similar results were observed in three independent experiments. (B) The indicated strains were 
grown to exponential phase and then transferred to media containing 0.5 M NaCl. The amount of 
intracellular Na+ at each time point was determined as described in Experimental Procedures. (C) The same 
cultures were then washed and resuspended in media with no NaCl. Samples were taken at the indicated 
times and the amount of intracellular Na+ was determined. Data are expressed as a percentage of the Na+ 
content at time 0. In both experiments, data are the average of three replicates and the error bars 
represent the standard deviation. Similar results were obtained in two separate experiments.  (*= p value < 
































































0.025; ** = p value < 0.005)  
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Figure 4. Phenotypic rescue of the rim8 mutant by the constitutively active RIM101-511 allele. (A) The 
indicated strains were grown to saturation, serially diluted and spotted onto the indicated media. Images 
were taken after 2-5 days incubation. Similar results were observed in three independent clones. (B) Ena1 
protein levels were monitored by anti-GFP immunoblots of protein recovered from the indicated strains 
harbouring a genomic integration of the GFP coding sequence at the ENA1 C-terminus transformed with the 
empty plasmid or the RIM101-511 allele and treated or not with 0.5 M NaCl for 60 minutes. Molecular 
weight markers are shown on the left and the bottom panel shows the Direct Blue staining of the membrane 
as a loading control. Similar results were observed in three independent experiments.  
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Figure 5. Analysis of the phenotype, protein profile and localization of YEp-ENA1-GFP in rim8 and rim101 
mutants. (A) The indicated strains were grown to saturation, serially diluted and spotted onto the indicated 
media. Images were taken after 2-5 days incubation. Similar results were observed in three independent 
clones. (B) Cultures were grown to mid-log phase and the cell were washed and resuspended in the absence 
of doxycycline to induce ENA1-GFP expression (IND. = induction). Samples were harvested at the indicated 
times, the extracted proteins were processed as described in Experimental Procedures and analyzed by 
immunoblotting with anti-GFP.  (1 = WT; 2 = rim8; 3 = rim101). Molecular weight markers are shown on 
the left and the bottom panel shows the Direct Blue staining of the membrane as a loading control. Similar 
results were observed in two different clones. (C) The localization of Ena1-GFP was analyzed by confocal 
microscopy. Cells were treated as described above. Images of representative cells are shown for each 
genotype.    
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Figure 6. Analysis of Tat2 levels and Mup1 delivery in rim8 and rim101 mutants.  Wild type (1), rim8 (2) and 
rim101 (3) strains were transformed with a TAT2-GFP or MUP1-GFP containing plasmid. (A) Cells were 
grown to exponential phase and the amount of Tat2-GFP was determined. (B) Cells were grown to 
exponential phase in methionine-containing media, washed and then resuspended in media without 
methionine (- Met). Samples were taken at the indicated times and the amount of Mup1-GFP was 
determined. In both cases, the amount of permease was determined by immunodetection of transferred 
proteins with anti-GFP antibodies. The molecular weight markers are indicated on the left and the scanned 
image of the Direct Blue-stained membrane is shown in the bottom panel as a loading control. Similar 
results were observed in two different experiments.  
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Figure 7. Salt sensitivity and Ena1-GFP protein profile in Rim101 pathway mutants. (A) The growth 
phenotypes of the indicated strains were determined as described in Figure 1. Identical results were 
observed for three different clones. (B) The Ena1-GFP protein profile was determined in the indicated strains 
as described in Figure 4B (Induction time = 4 hours). Similar results were observed in three independent 
experiments.  
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Figure 8. Salt sensitivity and Ena1-GFP protein profile in ESCRT mutants. (A) The growth phenotypes of the 
indicated strains were determined as described in Figure 1. Identical results were observed for three 
different clones.  (B) The Ena1-GFP protein profile was determined in the indicated strains as described in 
Figure 4B (Induction time = 4 hours). Similar results were observed in three independent experiments.  
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